In vitro studies were conducted on the mode of death of Fusarium oxysporum f. sp. raphani in three kinds of soil flooded with glucose solution.
Introduction
Flooding is considered as one control method in soil-borne diseases.
A number of investigations have, therefore, been carried out to control fusarial diseases by flood-ing9, 12, 14) , but its effectiveness is erratic. Some investigators reported beneficial effects of flooding7, 14) , whereas others reported its ineffectiveness6, 9) . The discrepancy may be attributed to the differences in flooding conditions. When soil was flooded with organic amendments, the effectiveness was generally enhanced and its fluctuation was im-proved12, 16 
Results

Effects
of soil types on survival of F. oxysporum in glucose-amended flooded soil Surviving F. oxysporum were examined in three infested soils which had been flooded with 0.6-3.6% glucose solutions and incubated for 14 days at 28C ( Table 2 ). The number of F. oxysporum decreased markedly in Tsukuba soil when it was flooded with glu- the end of the experiment. Redox potential of unamended flooded soil scarcely changed during the experiment.
That of the glucose-amended flooded soil dropped quickly to -308mV during the first 2 days after flooding and it maintained at a level of about -250mV for successive 13 days, and then went up gradually.
The pH value of unamended flooded soil fluctuated between 4.9 and 5.4 during the experimental period, whereas that of glucose-amended flooded soil rose to 5.5 on the 2nd day after flooding, dropped to 4.5 between 3rd and 5th day of flooding and then went up gradually. Evaluation of fungicidal activities of glucose-amended flooded soil
The number of F. oxysporum in unamended flooded soil did not change during the first 3 days of incubation (Table 3 ). In the glucose-amended flooded soil, the number of F. oxysporum decreased to 45% of the intial number during the first 24hr of incubation and to 0.2% during the successive 48hr ( Table 3 ). The soil solutions of unamended flooded soil did not induce any inhibition ( Table 4 ). Those of the glucoseamended flooded soil induced faint inhibition zones of 10 to 11mm in diameter on the 2) Days after seeding. 1) Soil solutions were obtained from the soils preincubated at 28C for 5 or 7 days after flooding with and without glucose. 2) Soil solution was poured into a cylinder (o.d., 8mm) which was placed on a PDA plate seeded with microconidia of F. oxysporum f. sp. raphani. The inhibition diameter was measured after 2 days of incubation at 28C.
plates.
However, it was difficult to explain the death of F. oxysporum by the activity of the soil solution.
If the death of F. oxysporum was caused by a fungicidal substance or substances present in glucoseamended flooded soil, the weak antifungal activity of the soil solution might imply disappearance of the substance (s) from the solution during the assay by either its volatility or its instability.
To check its volatility, germination and rate of survival of chlamydospores of F. oxysporum were examined in the headspace gas above glucose-amended flooded soil. Chlamydospore germination in the headspace gas was only 0.3%, and about 90% in the gas above the unamended flooded soil Table 5 . Effects of head-space gas above flooded soils with and without glucose on germination of chlamydospores of F. oxysporum f. sp. raphani1) 1) A germination test was conducted in the petri dish which contained 20g of soil preincubated for 5 days after flooding with and without glucose. In a control water sample, soils were replaced by 20ml of water. Refer to Fig. 1 . 2) BMS: supernatant fraction of a mineral salt solution.
BMSG: BMS amended with glucose at a concentration of 100mM. and control water sample when BMSG was used as an assay medium ( Table 5 ). However, above unamended flooded soil it was one-half of control water sample when BMS Table 6 . Fungicidal activities of head-space gas above flooded soils with and without glucose for chlamydospores of F. oxysporum f. sp. raphani1)
1) The experiment was conducted in the petri dish which contained 20g of soil preincubated for 5 days after flooding with and without glucose. In a control water sample, soils were replaced by 20ml of water. Refer to text and Fig. 1 .
2) Each treatment has 3 replications.
was used (Table 5 ). These results indicate that a volatile germination inhibitor or inhibitors were evolved from glucose-amended flooded soil and that a small amount of them was also produced by unamended flooded soil. The head-space gas above the glucose-amended flooded soil was also assayed for the killing effects on chlamydospores of F. oxysporum ( Table 6 ). None of chlamydospores were killed when they were exposed to the head-space gas of unamended flooded soil for 3 days. None of chlamydospores were killed when exposed to the gas of glucoseamended flooded soil for 1 day, but 99% or more were killed by 2 days of exposure.
Microconidia
of F. oxysporum were also killed by the gas above the glucose-amended flooded soil.
Discussion
A marked decrease in population density of F. oxysporum was observed in all soils flooded with glucose solution in the present study ( Table 2) . Similar phenomena would, therefore, occur, if field soils with organic materials containing sugars or readily decomposing materials were flooded.
Decrease of fungi in flooded soils with and without organic materials has been attributed to a depletion of available oxygen15), production of a fungicidal substance8) or the increase of competitive microorganisms in soil13), and so on. In the present study, chlamydospores of F. oxysporum were killed when their suspension was exposed to the headspace gas above the glucose-amended flooded soil (Table 6 ). This shows that a volatile substance or substances evolved from the soil effectively killed the spores. The volatile (s) killed the spores after its diffusion into the suspension.
There would, therefore, be a lag before the appearance of fungicidal activity.
When the lag is considered, chlamydospores in the suspension were killed at approximately same incubation time as those in the soil (Table 6 ). This, further, substantiates that the volatile (s) is responsible for the death of F. oxysporum in the soil. A mumber of investigators have observed a close relationship between the decrease of the pathogens and the drop of the redox potential of soil in the flooded soils amended with organic materials8,12,16). Stover observed similar phenomena in submerged soil and concluded that survival of F. oxysporum f. sp. cubense in the soil was determined largely by oxygen availability15). In the present study, there was a 2-day lag between the drop of redox potential and the decrease of the fungus in glucose-amended flooded soil (Fig.   2 ). This finding suggests that a volatile fungicidal substance or substances is produced after the drop of redox potential.
A drop in the pH value occurred prior to the decrease in population density of F. oxysporum in the glucose-amended flooded soil (Fig. 2) . It shows production of acid (s) in the soil. Egawa et al. reported that soil solutions from the soil flooded with Czapek-Dox's medium or 3% sucrose solution had an antifungal activity against F. oxysporum1,2) and n-butyric acid was suggested to be one of the antifungal substances3). Hagiwara et al. reported that inactivation of radish-yellow fusarium in radish-residues was related to acetic acid produced during the anaerobic fermentation of the residues4). The relationship between the production of acids and death of F. oxysporum in glucose-amended flooded soil has not been examined yet.
It is concluded that a marked decrease of F. oxysporum in soil flooded with glucose is due to a volatile fungicidal substance (s) evolved from the soil. The volatile (s) seems to be produced under anaerobic conditions.
Investigations are underway to identify the volatile (s).
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